Abstract Tumor protein D52 (TPD52) is overexpressed in different cancers, but its molecular functions are poorly defined. A large, low-stringency yeast two-hybrid screen using full-length TPD52 bait identified known partners (TPD52, TPD52L1, TPD52L2, MAL2) and four other preys that reproducibly bound TPD52 and TPD52L1 baits (PLP2, RAB5C, GOLGA5, YIF1A). PLP2 and RAB5 interactions with TPD52 were confirmed in pull down assays, with interaction domain mapping experiments indicating that both proteins interact with a novel binding region of TPD52. This study provides insights into TPD52 functions, and ways to maximise the efficiency of lowstringency yeast two-hybrid screens.
Introduction
Gene expression and genomic profiling analyses indicate that many human genes are overexpressed in human cancers, but the significance of most is poorly understood. An example is tumor protein D52 (TPD52), located at chromosome 8q21. 13 . Substantial evidence points to TPD52 representing a gene amplification target in common cancer types, and conferring or enhancing transformed phenotypes in cell culture models [1] . TPD52 is one of 4 paralogous mammalian genes whose translated coding sequences show approximately 50 % sequence identity [2] . Numerous protein-protein interaction studies have been undertaken to identify partners for TPD52 and related proteins [3] [4] [5] [6] , with most employing yeast two-hybrid (Y2H) screening [3] [4] [5] . While Y2H screens have repeatedly identified mutual interactions between TPD52-like proteins [3, 5, 7] , fewer studies have identified heterologous partners, and particularly those partners that might help explain TPD52's oncogenic functions [4, 5] . Our knowledge of TPD52 molecular functions has therefore not kept pace with the growing recognition of TPD52 amplification and overexpression in human cancer.
Previous targeted Y2H screens using TPD52-like baits have been limited by technical factors, such as the numbers of prey constructs transformed, and/or the use of stringent screening environments [3] [4] [5] . These results contrasted those of a large, low-stringency Y2H screen using a MAL2 bait in our laboratory, which identified a number of informative novel partners [8, 9] . We therefore reasoned that a comparable Y2H screen could similarly extend our knowledge of TPD52 functions, through the identification of novel partners.
Materials and methods

Plasmid constructs
Plasmids encoding TPD52-like bait and prey proteins have been described previously, as have the corresponding plasmid constructs for pull-down assays [3, 10] . Plasmid constructs encoding TPD52, or fragments thereof, include sequences corresponding to TPD52 variant 3, NCBI Reference Sequence NM_005079.2. Plasmid constructs encoding Tpd52, or fragments thereof, include sequences corresponding to Tpd52 variant 5, NCBI Reference Sequence NM_009412.2, which is the Tpd52 variant most similar to TPD52 variant 3. Plasmid constructs encoding TPD52L1 include sequences corresponding to TPD52L1 variant 1, NCBI Reference Sequence NM_003287.2. Pulldown assays employed glutathione S-transferase (GST) and 6His-tagged recombinant proteins expressed from pGEX3X [3, 10] , glutathione S-transferase-tagged recombinant proteins expressed from pGEX6P-1, and thioredoxin (Th) and 6His-tagged recombinant proteins expressed from the pET32a vector [10] . pGEX3X-Tpd52 , and pGEX3X-Tpd52 (40-185) plasmids were constructed as described for pGEX3X-Tpd52 [3] . The pGEX6P-1TPD52 construct was obtained by subcloning a BamH1-XhoI TPD52 fragment into the same sites of pGEX6P-1 expression vector. The pECFP-RAB5A, -RAB5B, and -RAB5C expression plasmids [11] were gifts from Professor Philip D. Stahl (Washington University, USA).
Yeast two-hybrid system and screening Saccharomyces cerevisiae strain Hf7c cultures were grown at 30°C in standard liquid or solid media [3] . A Y2H screen using full-length TPD52 bait was performed with a human breast carcinoma cDNA library over 14 days, as described [3] . For direct interaction testing, paired baits (pAS2-1 constructs) and preys (pACT2 or pAD-GAL4 constructs) were transformed into Hf7c cells, and plated on synthetic drop-out (SD) media lacking Leu and Trp (SD/-Leu-Trp). Positive and negative controls were TPD52 bait paired with TPD52L1 prey, and bait or prey paired with the opposing empty vector, respectively. Baitprey interactions were scored according to time (in days) until visible colony growth on solid SD media lacking His, Leu, and Trp (SD/-His-Leu-Trp).
Breast cancer cell lines
Breast carcinoma (SK-BR-3, MCF7) cell lines were cultured in a humidified incubator at 37°C with 5 % CO 2 in RPMI media (Life Technologies) with 10 % fetal bovine serum (Life Technologies), 3 % L-glutamine (Life Technologies) and for MCF7 cells, 10 lg/ml insulin (Sigma-Aldrich). For transient transfections, SK-BR-3 cells were seeded into 100 mm tissue culture plates and grown until *70 % confluency. Cells were transfected with 15 lg pECFP-RAB5 expression plasmids [11] for 8 h using TransIT-LT1 transfection reagent (Mirus) in serum-free RPMI media, as per the manufacturer's instructions. Transfection media were replaced with RPMI media and cells were incubated for 24 h before harvesting.
Pull-down assays
Recombinant Th-6-His-tagged truncated TPD52/Tpd52 proteins, Th-6-His protein, recombinant GST-TPD52, GST-Tpd52-6His and GST±6His proteins were produced in E. coli BL21 cells following induction of log-phase cultures with 0.1 mM isopropyl-ß-D-1-thiogalactopyranoside (IPTG) for 3 h at 29°C. GST-and 6-His fusion proteins were isolated from bacterial extracts as described previously [12] and purified by glutathione-Sepharose 4B beads (GE Healthcare) and Ni-NTA agarose (Qiagen), respectively. Protein product sizes were verified by electrophoresing pre-and post-induction protein samples on 10 % SDS-polyacrylamide gels, followed by Coomassie Brilliant Blue staining. Before pull-down assays, recombinant GST-fusion proteins were coupled to GSH-agarose beads. GST-fusion protein beads were transferred to BioRad Bio-spin columns, centrifuged at 1,000 rpm for 5 min, and washed 4 times with 700 ll triethanolamine (TEA). Beads were resuspended in 500 ll 30 mM Dimethyl pimelimidate-2 HCl in TEA and incubated with rotation for 1 h at RT. Two ml quenching buffer (1M Tris-HCl pH 8.2) was added, columns were inverted for 10 min at RT, and centrifuged at 1,000 rpm for 5 min. Columns were washed 4 times with 700 ll freshly prepared 50 mM reduced glutathione in TBS pH 8.0 at RT. Ice-cold 700 ll pulldown wash buffer (150 mM NaCl, 20 mM Tris-HCl pH 7.4) was added, eluted under gravity, and columns were washed twice with cross-linking wash buffer (1.5 M NaCl, 25 mM Tris-HCl pH 7.6) and pull-down wash buffer.
MCF7 or SK-BR-3 cell lysates were pre-cleared 3 times with washed GSH or Ni-NTA beads. Recombinant proteins bound to beads were incubated with pre-cleared cell lysates for 1 h with rotation at 4°C, followed by centrifugation at 5009g for 5 min at 4°C. Bead pellets were transferred to pre-chilled MicroSpin columns (Bio-Rad) and washed 6 times (500 ll pull-down wash buffer for glutathione (GSH)-agarose beads, or PBS with 20 mM imidazole for Ni-NTA beads). Bound proteins were eluted in 20 ll SDS-loading buffer for 5 min at 85°C, and analysed by electrophoresis on 15 % SDS-polyacrylamide gels.
Western blot analyses
Cultured cells were washed twice with ice-cold PBS and lysed in 100 mM NaCl, 50 mM Tris-HCl pH 7.4, 0.5 % Nonidet P-40, 5 mM EDTA, 1 mM PMSF, and protease inhibitors (Roche) for 30 min at 4°C. Protein lysates were incubated for 15 min on ice and centrifuged at 13,000 rpm for 15 min at 4°C prior to separation on 15 % SDS-PAGE gels. Proteins were electrotransferred to PVDF membranes (Millipore). Membranes were blocked with 5 % skim milk in TBS, washed twice with TBS, and incubated with one or more of the following primary antibodies for 2 h at RT: affinity-purified rabbit polyclonal TPD52 [13] (1/100), mouse monoclonal GAPDH (Ambion, 1/5,000) antisera, incubated in 0.1 % Tween 20 in TBS, and/or rabbit polyclonal RAB5C (Sigma, 1/300), rabbit polyclonal PLP2 (Sigma, 1/250) antisera, incubated in blocking buffer. Membranes were washed 4 times in TBS/0.1 % Tween 20, and incubated with horseradish peroxidase-conjugated donkey anti-rabbit or anti-mouse secondary antibody (GE Healthcare, 1/10,000 or 1/5,000, respectively) for 1 h at RT. Blots were washed 4 times, and antigen-antibody complexes were visualized by Western lightning chemiluminescent reagent (Perkin Elmer Life Science).
Statistical analysis
The SPSS for Windows package (version 19) was used to summarise prey categories using percentages within each group. Differences in proportions were compared using Pearson's Chi squared test.
Results
Putative novel TPD52 partners identified through yeast two-hybrid screening
Approximately 3 9 10 6 colony forming units (cfu) of a human breast carcinoma cDNA expression library [3] were screened in Hf7c cells using a full-length TPD52 bait, and 204 His-positive colonies demonstrated reproducible growth when re-streaked on solid SD/-His-Leu-Trp media. Isolation and sequencing of plasmid DNA identified 184 prey constructs. Sequence analysis and direct interaction testing indicated that preys could be classified as known partners (n = 34, 18 %), novel putative partners (n = 9, 5 %), or false positives (n = 141, 77 %). The previously identified TPD52 partners TPD52L1, TPD52, TPD52L2 and MAL2 [3] [4] [5] 7] were all identified repeatedly (Fig. 1a) . Most prey constructs encoding known partners (18/34, 53 %) were identified by 5 days of screening (\1 week), when they were the predominant prey category isolated (18/36 preys, 50 %) (Fig. 1c) .
Nine additional prey constructs encoding 4 proteins showed reproducible interactions with TPD52 bait in direct testing analyses, namely proteolipid protein 2 (PLP2), Rasassociated binding protein 5C (RAB5C), Yip interacting factor homolog A (YIF1A) and Golgi autoantigen A5 (GOLGA5) (Fig. 1a, b) . Full-length PLP2 coding sequences were isolated 6 times, whereas full-length RAB5C and YIF1A coding sequences were isolated once (Fig. 1a) . The single GOLGA5 prey contained a partial coding sequence, corresponding to GOLGA5 residues 490-731. Co-transfection of TPD52 bait and candidate preys produced detectable growth on selective media after 3-4 days (PLP2, RAB5C), or 5-6 days (YIF1A, GOLGA5) (Fig. 1a) . Similarly, co-transfection of full-length TPD52L1 bait produced detectable growth after 1-2 days (GOLGA5, RAB5C) or 3-4 days (PLP2, YIF1A) (Fig. 1a) . Preys encoding novel partners were identified either before or at 1 week of screening (Fig. 1c) . However at 1 week of screening, the preys identified were found to be predominantly false-positives (55/73 preys, 75 %), which increased to 70/75 (93 %) of prey constructs isolated between 1 and 2 weeks of screening (Fig. 1c) . Chi squared analysis indicated significant differences in the proportions of prey categories isolated at different time-points during the screen (p \ 0.001) (Fig. 1c) .
Pull-down assays confirm PLP2 and RAB5 interactions with TPD52
Of the novel candidate TPD52 partners, PLP2 and RAB5C were selected for further study. PLP2 was most frequently identified (Fig. 1a) , and is related to the known TPD52 partner MAL2 [4, 7, 8] , with both proteins featuring the MARVEL domain [14, 15] . RAB5C was also selected, as TPD52 has been reported to co-immunoprecipitate with RAB5 and other RAB proteins [16] . As RAB5 proteins are encoded by three highly related genes, we examined whether commercial RAB5C antisera specifically detected RAB5C. Western blot analyses showed that RAB5C antisera detected all 3 ECFP-tagged RAB5 isoforms [11] , and were therefore employed as RAB5 antisera (Fig. 2a) .
Pull-down assays were used to test whether PLP2 and RAB5 bind TPD52 in vitro. Bound GST-TPD52 and GSTTpd52-6His or GST tags alone (Fig. 2c) were incubated with pre-cleared total cell lysates from SK-BR-3 or MCF7 cells, which detectably express both PLP2 and RAB5 (Fig. 2b) . Both PLP2 and RAB5 from SK-BR-3 and MCF7 cells were retained on matrices to which GST-TPD52 and GST-Tpd52-6His were bound, but not on matrices to which GST tags had been bound (Fig. 2d, e) .
TPD52 interaction domain mapping with PLP2 and RAB5
To determine the TPD52 regions required for interaction with PLP2 and RAB5, we used a series of TPD52/Tpd52 deletion mutants for pull-down assays (Fig. 3a) . GSTTpd52 (40-185) -6His and GST-Tpd52 (1-152) -6His recombinant proteins lack N-or C-terminal PEST motifs, respectively (Fig. 3a) . The TPD52 coiled-coil motif is encoded by all deleted constructs, except pET32a-Tpd52 (95-185) [10] . Pull-down assays showed that both PLP2 and RAB5 from SK-BR-3 cell lysates (Fig. 3c) were retained by GSTTpd52 (1-152) -6His, GST-Tpd52 (40-185) -6His and Th-tagged Tpd52 (95-185) -6His and Tpd52 (1-131) -6His, but not by Th-6His or GST tag alone, or by Th-6His tagged Tpd52
(1-71) , Tpd52 or Tpd52 (Fig. 3b, c) . Comparable results were obtained in pull-down assays employing MCF7 cell lysates (data not shown).
The Y2H system was used to replicate interactions between PLP2 and RAB5C preys and deleted TPD52/ Tpd52 baits (Fig. 4a) . Both PLP2 and RAB5C preys detectably interacted with Tpd52 and Tpd52 but not with Tpd52 . Tpd52 (95-185) bait gave rise to weak growth on selective media when co-transfected with PLP2, but not RAB5C (Fig. 4b) . The combined approach of pull-down and Y2H assays indicated that TPD52 residues Ser 111 -Ser 131 were required for interactions between TPD52 and both PLP2 and RAB5.
Discussion
TPD52 genes were first reported during the 1990s [1] , but the identification of heterologous TPD52 binding partners has been slow. Whereas Y2H screens or direct interacting testing using paralogous TPD52-like baits have identified heterologous partners [4, 5, 13] , a previous high-stringency TPD52 screen identified no known or novel partners, whereas a small screen in lower stringency Hf7c cells identified only known partners [3] . In the present study, a large Y2H screen in Hf7c cells identified 4 previously unreported prey proteins that showed reproducible interactions with both TPD52 and TPD52L1. Identification of novel partners was accompanied by larger numbers of preys encoding either known partners, or false-positives. The fact that novel partners were not detected beyond 1 week of screening indicates that extending screening time in Hf7c cells may not promote the identification of informative preys. The 4 novel candidate partners identified are either integral membrane proteins (PLP2, GOLGA2, YIF1A) or membrane-associated proteins (RAB5C), which supports the identification of other trans-membrane or membraneassociated proteins as TPD52 partners [4, 6] . PLP2 is related to the known TPD52 partner MAL2 [4, 8] , and was reported to enhance tumour-associated phenotypes in B16F10 melanoma cell lines [17] . In human breast cancer, PLP2 SAGE tags were found to contribute to an invasion-specific gene cluster [18] , and PLP2 was also included in multi-gene classifiers associated with poorer outcomes in human astrocytic brain tumours [19] and glioblastoma [20] . PLP2 antisera suitable for in situ approaches will be required to pursue these transcriptbased findings in breast and other cancers.
Direct interactions between RAB5 and TPD52 are supported by TPD52 co-immunoprecipitating with the bacterial product ExoS, as well as RAB5, RAB6, RAB9, and TIP47 [16] . This previous connection between TPD52 and RAB5 [16] , combined with the identification of RAB5C by Y2H screening here and the high degree of sequence conservation between RAB5 isoforms [11] , suggests that TPD52 may bind other RAB5 isoforms, and possibly other RAB proteins. RAB5 associating with TPD52L1 in Y2H assays and pull-down experiments (data not shown) is also consistent with endogenous and exogenously expressed Tpd52l1 co-localising with an early endosomal marker in PC12 and HeLa cells, respectively [5] . The significance of RAB5A immunostaining has been examined in human breast cancer specimens, where stronger RAB5A immunostaining was associated with higher histological grade and more axillary lymph node metastases [21] . RAB5A immunostaining was also detected in all breast cancer axillary lymph node metastases examined [21] . Both PLP2 and RAB5 were indicated to require TPD52 amino acids Ser 111 -Ser 131 for binding, as neither bound deleted TPD52 recombinant proteins lacking Ser 111 -Ser 131 . This result contrasts those obtained for homomeric interactions between TPD52 proteins, where TPD52 was precipitated by recombinant TPD52 proteins that included the coiled coil motif, but not by a protein lacking the first 95 resides [10] . The present study therefore provides evidence for a second interaction interface within TPD52. Strikingly, the same region was required for interactions with PLP2 and RAB5, despite their different predicted structures [15, 22] , suggesting that this TPD52 region may bind a range of partners. The fact that both PLP2 and RAB5 reproducibly bound TPD52L1 refines the likely binding region, as the alternatively-spliced 13 residue 14-3-3 binding site in TPD52L1 [13] inserts before TPD52L1 Asn 143 , which aligns with TPD52 residue Asn 130 . However, motif searches of residues within the TPD52 Ser 111 -Lys 129 region that are identical in TPD52-like proteins (AAxSxxGxxIxxK) did not identify this motif in any other protein family (data not shown). In summary, this study has reported novel candidate partners for TPD52 expressed in breast cancer tissue, and reinforced both membrane-associated functions for TPD52 [4, 6, 23] , and a degree of functional redundancy between TPD52-like proteins [3] [4] [5] 7] . Approaches beyond the Y2H system may be required to identify isoform-specific partners for TPD52. figure online) 
